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MOSAD AND STREAM VISION FOR A TELEROBOTIC, FLYING CAMERA SYSTEM

FINAL REPORT SUMMARY

MOSAD©, Multiplexed OvcrSample Analog to Digital conversion, is a low power on

focal plane analog to digital, A/D, process that places an oversample A/D at each pixel site. Two

full custom designs for a visible light staring array were developed with this approach. One

design approach uses a silicon photo diode in combination with photo gates at the pixel and the

other approach uses an all photo gate sensor for detection. Both arrays were designed with a

320X240 format with the pixels placed on 16 micron centers. There are a total of 76,800

MOSAD A/D's on the chip, one per pixel. The devise is a monolithic integrated circuit that

includes the sensors, A/D's and readout circuitry. A production 1.2 micron CCD/CMOS process

provided by Supertex was used in the fabrication of the sensor. The A/D uses charge well

switching at the pixel to convert the accumulated analog signal to digital data. There was

negligible impact on the pixel area due to the A/D such that a fill factor of 73% was achieved

with front side illumination for both approaches.

A complete camera system was built to demonstrate the technology. The system includes

the camera assembly, driver interface assembly, a frame grabber board with integrated decimator

and Windows 2000 compatible software for real time image display. The camera includes the

sensor, either photo gate or photo diode, mounted on a PC card with support electronics. A

custom lens mount attaches the camera to C or CS mount lens. Testing was done with a Tamron

13VM2812 CCTV CS mount lens. Both an RS644 and an RS422 parallel interface card

assembly was developed to attach to the frame grabber board.
The final iteration cameras were tested at the Amain facility and pictures were taken. At

400 samples per second, measured on chip power consumption is under 10 milliwatts. Noise

measurements at sample rates from 400 samples per second to 1,600 samples per second were

taken for both parts. It was found that the photo gate noise performance was four times better

than the photo diode. At 28 times oversample, the photo diode achieved 7 to 9 bits performance

and the photo gate achieved 9 to 11 bits. Nonuniformity variation was below the noise floor.

Nominally, the 28 oversample quantization error for delta sigma A/D is calculated at 7.6 bits.

An issue with the column compare sense amplifiers was discovered after the final

iteration sensor was fabricated. This is a high current switching transient that, in mass, causes

large spikes on the references. Incorrect sampling of the pixels results from these spikes. The

photo diode was more susceptible to this transient than the photo gate. It was determined that the

photo gate internal capacitance was sufficiently higher than that of the photo diode to provide

filtering of much of the noise cause by the transient. This explains why the photo gate noise

performance was superior. A new column compare design was developed that corrects the

current switching spike, but this was not built due to funding and time limitations. There were

issues with the Supertex process as well. Only three wafers out of ten survived in the run. These

wafers were out of specification, having slightly high IDS, source drain leakage current. Yield at

wafer sort was low, under 40%. In spite of these issues, the camera proved the fundamental

MOSAD concept for visible light imaging. Performance is superior to CMOS designs and

competitive with CCD as measured with the defective column compare sense amplifier. The

simple N channel sensor provides a path to space based radiation hardening that can exceed

either CMOS or CCD sensors. With the knowledge developed in this program, larger MOSAD

array sizes and better performance can be achieved with future designs.
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APPROACH

MOSAD, Multiplexed Oversample A/D, per pixel

Multiplexed Oversample Analog to Digital Conversion, MOSAD, is a per pixel A/D

approach that puts a Delta Sigma A/D modulator at the pixel. With MOSAD, the modulator

integrators at each pixel are multiplexed into a common quantizer, with the quantizer being either

1 bit or n bits. This is shown in Figure 1. The division of the electronics is such that the

integrator and subtractor of the Delta Sigma are at the pixel, the quantizer is shared at the edge of

the array on a column. A decimation filter, if required, is time shared off the focal plane for

processing all pixel. This minimizes the amount of electronics and power dissipation on focal

plane for the A/D process yet provides a noise immune digital output from the focal plane.
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Figure 1 MOSAD per pixel oversample converter diagram

The ability to multiplex integrators onto a common quantizer is achieved through the self

calibrating nature of the feedback process. Noise, offsets and nonlinearities added by the

multiplexing process follow the well understood Delta Sigma noise equation for the forward loop

and are attenuated by oversampling. Pixels are all referenced to true zero with detector dark

current the only source of offset. Gain calibration per pixel may be required for the converter

since it is set by the feedback subtraction. Typical semiconductor process variations can provide

better than 1% gain accuracy across the array without calibration.

The one loop Delta Sigma modulator was selected as the method for A/D conversion. A

generic schematic of the one loop circuit is shown in Figure 2 using CMOS switching

electronics. This is a single ended switch design in which charge is only removed from the

integration capacitor. Bipolar switched Delta Sigmas, which are more common for audio designs,

alternately remove or add charge to the integration capacitor. Signal integration occurs with the

accumulation of charge on the photo detector capacitance. The charge is sensed at the end of the

column when the pixel is selected. As shown, generically this can be multi-bit sensing. The

multiplexer is depicted with an isolation amplifier and switch, S _, this is not a requirement to
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implementtheMOSAD DeltaSigmamultiplexerbut is shownfor clarity.Offseterrordueto
thresholdvariationof theamplifier is removedby theDeltaSigmacontinuousdifferentiation,
sampleto samplesubtraction,of theoutput.Feedbackdemultiplexingis shownwith theswitch,
R_.Subtractionis chargeremovalwhichoccursby openingtheconnectionpath from the
integrationcapacitorto thesubtractioncapacitorC2.A fixedamountof chargeisremovedby
chargingthecapacitorto afixedvoltage.Gainerroroccurswith thresholdvariationof the
subtractiontransistorrelativethesubtractionchargevoltage.A bipolarswitcheddesigncanavoid
thethresholdvariationeffectongainwith theadditionof ahighgaintransimpedanceamplifier to
the integrationcapacitor.Thiswouldbe inappropriatefor amonolithicsensorasit woulduse
excesspixel fill area.
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Figure 2 MOSAD monolithic photo sensor pixel architecture

For the single integrator circuit approach, the equation defining quantization error is as

follows;

R(dB) =6.02(N+ 1.5D)- 3.41 [1]

where R is quantization error in dB, N is the bit resolution of the sampler and D is the

oversample above Nyquist in octaves (2 D is the sample frequency above Nyquist). This equation

is an approximation for a one loop Delta Sigma. Generally, the one loop Delta Sigma A/D can

achieve 2 bits better performance than the equation predicts for most of the dynamic range. In

actuality, the one loop sigma delta has a variable quantization error that is dependent on signal

amplitude. Figure 3 is a simulation plot of a one loop sigma delta with a 28 oversample value and

a one bit output quantizer. An optimized low pass FIR filter was used to decimate from the

oversample rate to Nyquist. The plot steps in 1% increments over a normalized dynamic range of

0 to 1. Vertical axis is noise amplitude, horizontal axis is dynamic range position. The scale is

1/500, 9 bits, on the vertical major tick marks and 1/1000 on the minor vertical tick marks. In this

analysis, from the above equation, N = 1 and D = log2(28 ) or 4.807. Solving equation 1 predicts a

nominal quantization error of 7.67 bits. From the plot it is seen that the quantization error is

different depending on signal amplitude. Except for the bottom and top 3% of the dynamic range,

quantization error is better than 8 bits. For about 90% of the dynamic range, quantization error

remains better than 10 bits. At the outer 3% of dynamic range bands, quantization noise peaks

reducing accuracy to approximately 6 bits.
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Figure 3 Simulation of a one loop Delta Sigma quantizafion error output with a one bit quantizer

Alternate Detector Sensor Approaches

There are two circuit approaches that were developed as the pixel AdD modulator. These

are shown schematically in Figures 4 and 5. Figure 4 is the photo diode design and Figure 5 is the

photo gate design. Both designs use a pixel read sampling approach similar to a non-destructive

CID output with a read well attached to the column for direct readout (DRO). This eliminates the

need for an isolation buffer amplifier on the multiplexer as shown in Figure 2, thus improving fill

factor. The read well is shared by two adjacent pixels. This reduces by one half the attenuation

of the output signal due to the capacitance load of the non selected floating gate outputs on the

column. To further keep column capacitance low, the column is split in two with the upper half

reading out the top and the bottom half reading out the bottom. For a 240 pixel column, the

output signal will be attenuated by a factor of 60 to 1 with the multiplexing approach described.

This attenuation has been important for analog CID readouts since it represents a factor by which

the output voltage is reduced, or noise increased. With the MOSAD DRO digital sense, signal

attenuation does not present a significant issue, as noise is also attenuated as defined in equation

1. A column sensor is used to measure the pixel response. With these non-buffered output

designs the column sensor is 1 bit, N = 1, to provide maximum noise immunity. The issue for

MOSAD then is to maintain sufficient amplitude for detection by column sense amplifiers, much

like semiconductor dynamic random access memories, DRAMs.
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In thephotodiodeDROdesignshownin Figure4, photoninducedchargeis collectedin
thewells undergateslabeledPhotoDiodeandPG2/Select.A potentialbarrierseparatesthe
photodiodecapacitorfrom thereadoutwell. As with conventionalnon-destructivelyreadCID
designs,thereadoutwell isconnectedto a floatinggatecommonto all readoutwellson the
column.Charging,clearingandsensingof thefloatinggateiscontrolledattheendof thecolumn
with asenseamplifierandfeedbackcontrol.Themethodof sensing,however,is muchdifferent
from conventionalCID analogreadout.To sensecharge,thereadoutwell is biasedasnormal for
conventionalCID. PG2/Selectpotentialis droppedfor theselectedpixel forcingits collected
chargeto bepushedinto thephotodiode.Thephotodiodecapacitancebeinglimited size,will
spill excesschargeoverthepotentialbarrierinto thereadoutwell. Thiscausedacapacitive
voltageshift on thefloatingcolumnline. Thesmallvoltagevariationcanbesensedon the
columnasaminorblip. Sensingis 1bit digital, thechargeblip is eithersufficientamplitudeto
triggerabinary 1or nochargeissensedandabinary0 is generated.A fixed amountof charge
mustberemovedfromthepixel whena 1is sensed.This keepsthewells from overflowingand
providestheprocessesfor DeltaSigmaA/D conversion.
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toother _ _23 act
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I Photo Diode ...................._i Read
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Figure 4 Photo diode DRO 1 loop MOSAD pixel cell

Charge removal consists of clearing the charge from the photo diode capacitor. The

amount of charge removed is calculated from the photo diode capacitance and the potential

barrier voltage. On the opposite side of the pixel from the read well, a charge sink drain removes

charge from the circuit on subtraction and also acts as an anti-blooming stop. This drain runs

along the row and is shared by adjacent pixels providing an blooming block. During the sense

operation, the variable portion of accumulated charge is spilled into and held by the sense well. A

fixed amount of charge is held in the photo diode capacitor. Equivalently, the photo diode

capacitor performs the same function as C 2 of Figure 2. On sensing a 1, this charge is dumped

into the drain RD by appropriately biasing the feedback and TX gates. The drain. RD, also acts as

an anti-blooming stop. If a 0 is sensed, the feedback is held offpreventing charge removal. On

completion of the sensing operation, the variable portion of the charge under the sense gate is

returned to the collection wells and the next dwell period is started. At this point the collection

wells will contain the variable charge and the fixed charge if no subtraction took place. The

approach used for charge subtraction is different than described in Figure 2, but functionally

equivalent.
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The difference between the photo diode and the photo gate designs are in the collection

well. In the case of the photo gate, the entire collection area is induced by a gate voltage over the

well, PG1 and PG2/Select. The photo diode uses a conventional doped diode as part of the

collection well. In this particular design, the photo diode was built with a lightly doped N region

over the P well. Both approaches were developed for front side illumination application.

These two design approaches were selected for their potential of high radiation tolerance

in a space borne background. There are no complimentary transistors in the array which can

cause latch up. Complimentary logic is in the periphery control logic where there is sufficient

space to design guard bar and other anti latch up approaches into the circuitry. The collection

area uses charge wells like CCDs but does not sequentially transfer charge to the edge. Loss of

charge transfer efficiency is not an issue. There is no analog sensing of the pixel output. This

protects against errors or nonuniformity induced due to transistor threshold shifts. A potential for

gain shift under radiation exists with threshold shift of the Barrier gate. Changes here will cause

the subtraction charge to change. In the case of the photo gate design, the Barrier and PG1 gate
thresholds will shift in the same direction thus reducing the effects. This is not the case for the

photo diode which will see more of a gain change under radiation as the Barrier threshold shifts

and the diode capacitance does not.

System Focal Plane Architecture

The array size chosen for implementation under this study is 320X240 pixel. This

provides a sufficiently detail image for evaluation of the imaging capability and performance

measurement. A block diagram of the physical pixel readout scan approach is shown in Figure 6.

This diagram shows half of the readout with the half column of 120 pixels being sensed by

individual sense amplifiers. The other half of the readout is read in the same manner. An

interlaced progressive scan approach was used in the row select logic. Oversampling eliminates

progressive scan temporal skew. The frame scan starts with the first row ( top of array top half)

and one hundred twenty first row (top of array bottom half). Odd rows are read first followed by

even rows. There is a two row dead time between each half array scan resulting in 62 row scan

periods for the odd rows and 62 row scan periods for the even rows. For accessing the full frame

ofpixels, CMOS shift register are used to position the row select pointer. The pointer is initiated

with the start of frame. It shifts down the right side of the array pointing to the odd rows. The

pointer is then passed to the left side shift register that points to the even rows.
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TheMOSAD comparatorsarearrangedattheendof eachhalf columnandaretime
sharedwith thepixelson thecolumnatreadout.Furthermultiplexingof thecolumnoutputs,to
reducepinoutcount,is in thedigital domainsinceall datais digital.This secondarycolumn
multiplexeris alsoaCMOSshift registerrequiringinternalclock lines.To allowattachmentto
differentlogic devices,independentlyselectablevoltagesareusedto powertheoutputdrivers.
Boththepositiveandnegativevaluescanbeset.A 40 to 1digital multiplexerisusedto group
thecolumnoutputs.Thisproduces8digital outputsperarrayhalf or 16outputsfor thedevice.
Theoutputformatisa 1bit DeltaSigmaoneloopresponseperpixel.

if)
z

_J
O
(.3
o

t,_

PHASEINPUTS

120 PIXEL HALF COLUMN

ODD 60 ROW SELECT

HALF COLUMN ARRAY

HALF COLUMN ARRAY

EVEN 60 ROW SELECT

FRAME OUT1 [ r----DATACLOCK

SENSE AMPS

<
?>

i
1

40:1 MUX

DIGITAL

OUTPUT

40:1 MUX

DIGITAL

OUTPUT

Figure 6 Block diagram of half array pixel scan approach

A two phase input clock operating at the output sample rate is used as the base

timing reference. The two clock phases are square waves, 90 o out of phase, generated by an off

focal plane clock source. Output data, start of frame and data clock out are all derived from this

clock input. An internal clock generator converts the two phase input into the clocking for the

column multiplexer and for data clock generation. A second clocking unit down converts to the

row scan rate and counts off the number of row scans to generate the start of frame pulse.

DESIGN

The Supertex 1.2 I.t CMOS/CCD process was used for developing the prototype cameras.

This process provides for a P CCD well for N channel CCD device construction. An N well

CMOS switching logic process is also built in common on the same die. The CCD well supports

a double poly overlapping gate design, two metal layers and both a lightly doped and a normal

doped N active region. Gates are depletion mode N channel with the option for buried channel or

surface channel. For this design, a surface channel approach was chosen. This is allowed because

of the noise rejection characteristics of the MOSAD sensor which will reject the higher noise of

the surface channel device. The CMOS portion supports P and N active regions, a single poly

gate and two metal layers. Transistors, both N channel and P channel, are enhancement mode

with a nominal 0.7 volt threshold. There are other devices also available with the process, none

of which were required for the design. All of the devices are built to operate with a single power

Page-7-



supplynominallysetat 5 volts.Thereadoutdesignis partitionedsuchthatthesensorarrayis
built with theCCD structureandthecontrollogic is built with theCMOSstructure.

Therearefive majorsubmodulesthatmakeup theimagingarray.Theyincludethepixel
array,senseamplifier,columnmultiplexer,row selectlogic, andtiming andcontrollogic. The
pixelsarelaid outon 16micron squarecentersin two 320X120half array.Referringto figures4
and5, subtractandoutputwellsareconnectedby metalin thecolumndirection.Thecontrols
RD, TX, P2/Select,PG1BiasandBarrierbiasareconnectedin therow direction.RD is theanti-
bloomingandsubtractiondrainwhich is biasedat+5 volts.Row selectfor subtractionis
controlledby theTX line. This is normallysetat 0 voltsandswitchesto +5 voltswhenthepixel
is selectedfor chargesubtraction.ThePG2/Selectnormallyis setto +5 volts. It pulsesto 0 volts
to pushchargeinto theoutputreadwell thenreturnsto +5volts. To inducethecollectionwell in
thephotogatepixel, PG1is biasedat+5 volts.ThephotodiodedoesnotrequirethePG1gate
butrelieson thediodecapacitancefor well capacity.A variablevoltagepotentialis usedasthe
Barrierbias.It canbesetto anyvaluethatkeepsachannelopento thereadwell. Sincethe
thresholdwasnot specifiedfor theSupertexdepletionmodedevices,theoperatingvaluefor the
barrierbiasis setat+1.2volts.Thiscreatesa3.8volts potentialdifferencefor thesubtraction
well.

Figure7 is theschematicof thecolumncomparator.This designwasdevelopedafterthe
final iteration.Testingshowedtheoriginaldesignhadhighcurrenttransientspikesthatcausea
severenoiseproblem.Thecomparatorlogicperformsseveralfunctionsin settingupandreading
thepixel aswell asgeneratingthesubtractionfeedbackcommand.Thepixel readapproachis a
capacitivelycoupledtechnique.Chargefrom thepixel is injectedinto areadwell capacitor
attachedto thecolumn.This is sensedatthecomparatorasa changein voltageon thecolumn.
Thecolumnis floating.To setup thecolumnfor aread,thecommandsCLR andCHGareused
to clearthecolumnof previouschargeandthenprechargethecolumnto asensepotential.A
threestageamplifierwith againof approximately20,000,amplifiesanychangein thefloating
columncausedby thepixel chargeinjection.An offsetis introducedinto theamplifier inputby
thecontrol HLD suchthatthesignalmustexceedtheoffsetbeforeit is amplified..Thisprovides
asmuchas5millivolts of noiserejection.A two phaseclockedquantizersamplestheamplifier
outputandlatchestheresultintoa storageflip-flop. This createsthesignalDIGOUTwhich is
readastheoutputfor thepixei andis fedbackasthesubtractioncommand.
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Figure 7 Revised column comparator developed after the final fab iteration
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Figure8 is theschematicof thecolumnmultiplexerandoutputdriver. Eachcolumn
outputconnectsto acolumnmultiplexercircuit. Thecircuit selects(SELandSELB)eitherthe
column(DIGIN) or theshiftedinput fromtheadjacentcolumn(SHIFTIN).Both theshifted
output(SHIFTOUT)andfocalplaneoutput(DRIVEOUT) areshown.Themultiplexercircuits
arearrangedin groupsof forty. A DRIVEOUTcircuit is attachedto thefortiethmultiplexerand
theSHIFTOUTcircuitsareattachedto theotherthirty ninemultiplexers.To providetheforty to
onemultiplexedoutput,theselectcommandoccursattherow scanrateandthereareforty C8
clocksperselectcommand.Theoutputdriveris aCMOSdigital switchwith isolatedrails
(+VDRIVE and-VDRIVE). Thisallowstheoutputvoltageswingto besetat anyrangewithin
theoperating+5 volt powersupply(V++).

SErLj $HIFTIN

DIGIN

V-

SELB

8AB CBBB / I_

M13 L __j_18

+VD RIVE

DRIVEOUT

-VDRIVE

Figure 8 Column multiplexer and output driver.

The above circuits are discussed in more detail as they represent the critical areas for

noise performance and switching speed limits. Two other remaining significant circuit blocks are

the row scan logic and the timing and control. The row scan logic uses a four stage, two phase

shift register per row. A bit is sequentially shifted four positions per row, starting with the top

row. Two pulses are generated as the bit passes through a row. These are the PG2/Select

command and the TX command. The PG2/Select command is generated first causing the selected

row of pixels to be read. This is followed, the next clock period, with the TX command which

enables the subtraction operation for the row ofpixels. The remaining two clock periods allow

time for the reset and precharge of the read column.

There are four separate circuit components that compose the timing and control. These

include the two phase clock generator, frame timing generator, column comparator timing

generator and the column multiplexer timing generator. There are also delay registered used to

align and distribute the timing signals. Two clock structures are used in the system. Column

multiplexing is controlled by the high speed clock which runs at the input oscillator rate. Row

scanning is controlled by the row clock. This clock runs at a tenth the speed of the column

multiplexer clock and four times the row scan rate. This sets the 40:1 row scan to column

multiplexer ratio.

There is a low speed clock running at twice the frame rate to control the pixel Barrier

bias. Odd even pairs ofpixels share a common read well. To facilitate the interlace scanning, the

Barrier bias is switched off, 0 volts, to the pixels that are not in the scan sequence. Thus the odd

pixels are disconnected during the even pixel scan and vise versa. This insures that the residual

charge in the read well will be returned to the correct pixel after a read operation. The Barrier

bias switching is very low speed using under two row scan periods to settle. This accounts for the
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two rowdeadperiodsbetweenhalf arrayscans.Thisprovidesstabilityto thereferencewhich is
critical in establishingthegainanda measureof noiseperformancefor theA/D conversion
process.

SensorLayoul
Figures9 and10arethephysicallayoutsfor thepixelsof thetwo approaches.In Figure9,

thephotodiodeandFigure 10is thephotogate.Thenomenclaturedepictedfor thecomponent
elementsis differentin the layoutfrom thatof theschematics,figures4 and5,but functionally
thesame.Both layoutsachieveafill factorof 73%in a 16micronpixel usingtheSupertex1.2p.
CCDdesignrules.Forthephotodiodedesign,thediodeportionof theareais 30%of thepixel.
Themaximumgatefill factorpossiblewith thisprocessfor thispixel sizeis 87%.This fill factor
limitation is dueto theprocessrequiringaseparationof at least2 p.betweenpixels.In ourdesign
this separationrunsin thecolumndirection.Thesubtractandoutputmetal linesstackoverthe
separation,thusnotusinggatefill factor.Lossof fill factorfrom theallowablemaximumis due
to thepoly contactsandgateseparationrulesneededto constructthereadwell andsubtraction
well. Also, thedrainwhichrunperpendicularto thecolumnin therowdirectionusessurfaceare.
Boththedrainandreadwell aresharedwith adjacentpixelson thecolumn.Thiscutsin half their
effecton fill factor loss.

Figure 9 Photo diode layout Figure 10 Photo gate layout

Well capacity is determined by the Bias well capacitance, Barrier potential and the

oversample rate above Nyquist. Bias well capacitance is determined by the layout and the

capacitance of either the gate or the photo diode. In both layouts the well capacity was

maximized. The photo diode capacitance, CCD well drain, is not specified by Supertex. An

accurate calculation can not be completed. Photo gate capacitance is specified at a nominal 0.45

ff/p2. In this layout, the Bias well capacitance is 18 ffbased on the 40 p2 area and the total gate

area is 59 p2 with a 26 ff capacitance to V++. With a 1.2 volt Barrier bias, 3.8 volt well potential,
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capacityis4.3X105electronspersample.An oversamplevalueof 28produces1.2X107electrons
capacity.

Thelayoutof thecolumncomparatoris shownin figure 11.Transistorsizingwassuch
thatasteppingdistanceof 32microns,two pixels,wassetasthesizefor thecolumnincrement.
Thisrequiredthattwo comparatorsbelaid out in tandemto matchthepixel stepsize.Thecritical
sensingportionof thetwo comparatorsarelaidout togetheron thecolumnlines.Capacitances
arematchedto insuresensegain is thesamefor bothcolumns.Powerbussesareseparatedsuch
thatthesensingportionsharespowerwith thepixel arrayandthedigital portionsharespower
with thedigital logic. Circuit andlayoutarecorrect,however,theseparationof thepowerbusses
wasincomplete.All of theN wells areconnected.This allowsacurrentpaththroughthewell for
logic switchingtransientsto influencethesenselogic.This is alsotruefor theP substrate.Since
sensingis referencedto V++,N well potentialvariationscanaffectthesensor.

Figure 11 layoutof dualcolumncomparators

A layoutof theclockgeneratoris shownin figure 12.Thisclockgeneratorcreatesthetwo
phaseclocksusedfor rowscanandfor columnmultiplexing.Theinputrequirementis two
squarewaves90degreesoutof phaseoperatingatthedataclock rate.This supplantsanoriginal
approachfor externaleightclockpulses,four for therow scanandfour for thecolumn
multiplexing.Oneof theclocksfor thecolumnmultiplexorconnectsto anoutputpadto provide
areferenceclock for thedataoutput.Thestartof framemarkeris derivedusingacounterdriven
bytheclockgenerator.This circuit layoutis shownin figure 13.Startof frameoccursevery
4,960dataclocks.Dataisreadout in burstof two blocks,eachblock consistingof 2,400sixteen
bit words.Thereis a 80clockblanktimebetweeneachdatablock.Thestartof framepulseis 10
dataclocksin duration.An outputdataclock is alsogeneratedon focalplane.

Figure14is adiagramof thephysicallayoutof theentiredevice.Boththephotodiode

Page-11-



arrayandphotogatearrayareidenticalat thetop cell level.Theactiveareadie sizeis 6.49by
5.81mils andthephotosensitiveareais 5.12by 3.84mils. Thiscalculatesto a48%overheadfor
supportelectronicsandI/O pads.Bondingpadsarearrangedon top andbottomedgesasdual
padsto allow separatesupportfor waferprobinganddie attach.Thereare29padstotal.Data
outputrequires18padsof which 16arefor digital dataandtwo, +Vdrive and-Vdrive arefor the
outputbinaryvoltagereferences.Fourpadsareusedfor devicepower,two for V++ andtwo for
ground.Theyplacediagonallyoppositeoneanothernearthearraycomersto reduceeffective
internalbussresistance.Fourpadsarerequiredfor timing includingthetwo phaseinputclock,
outputdataclockandstartof frame.Thethreeremainingpadsareinputbiasesincludinga
currentbiasfor theamplifier constantcurrentloads,theBiasvoltagefor theBarrierpotentialthat
setA/D gainandtheoperationalamplifierbiasthat setsnoisetolerance.

Diodedualdro:320X60

Diodeduald_o:320X60

_-i rm n rm rn mrl mm q_.., "w_'_p rn _.,

Figure 14 Top composite diagram of the focal plane array

The top cell hierarchical reference, Diodedualdro: 320X60, refers to the half array of dual

pixels, in this instance it is the diode array. Each half array is 320X120 pixels. To insure identical

pixel responsivity at the juncture of the two half arrays, they adjoin together on the horizontal

drain. This allows the column metal busses to be split apart over this biased active region where

there is no photo sensitivity. Layout, photo sensitive area and stray capacitance remains identical

for all of the pixels over the array.

The designation for array type is marked on the upper right comer on the metal 2 layer.

Figure 15 is a close up view showing how the die is marked. The nomenclature 320X240 D

under the AMAIN-MOSAD reference indicates that this array is a diode array. The gate array is
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markedwith thenomenclature320X240G.

!

Figure 15 upper right comer designating array type

Camera design

A complete stand alone camera system was built and demonstrated as the end product of

this development program. The camera consists of two electronic assemblies. A PC board to

house the camera chip, support electronics and lens mount is the main assembly. A second

daughter board to support computer interfacing was also developed. The design for the camera

board is shown in the schematic of figure 16. This design is a modification of the original

breadboard used for demonstrating the previous iteration camera chips. The electronics include

the clock generator, a stable 5 volt power supply and other passive components including

resistors and capacitors for biases and transient suppression. There are three 8 pin header ribbon

cable style connector also on the board. These allow attaching the interface daughter card or

ribbon cables for connection to other electronics. Two of the headers carry the 16 data outputs.

The third header interconnects power and timing signals. A CMOS inverter biased in the astable

state forms the on board oscillator. The frequency is crystal controlled and is set at the required

data rate. Two serially linked inverters with an RC delay between them create the shifted two

phase clock from the oscillator output. The biases Vbarrier, Vopamp and I- are derived on the
board from filtered resistor networks attached to the five volt supply and ground. Raw power for

the 5 volt regulator and the +Vdrive and -Vdrive are supplied to the camera board externally.

Figure 17 is the top side layout of the two sided camera PC board. Only the active

components are surface mount including the sensor, oscillator IC and power supply. All other

components are through hole mount. Dimensions are 2.1" X 2.1 "on a side. All of the components

are mounted on the top side including the lens mount. The board attaches flat against the lens

holder with two screws. This provides a light sealed optical cavity for the imager with provisions

for either a CS or C style lense attachment. There are two parts to the lens mount assembly. The

primary mount that holds the lens is tubular shaped with C internal threading. It has two 4-40
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tappedmountingholesfor screwattachmentto thePCboard.To allow for heightadjustment,a
secondthreadedinsertis usedwith theprimarymount.It threadsin on thePCboardsideof the
mount.Thisallowsadjustingtheflangeheightcorrectlyfor thebackfocal lengthdistanceof the
lenseto suiteeitherC or CSlenses.Figure18is aphotographof thecameraboardwith aTamron
13VM2812CCTV CSmount lensmountedto thecamera.Thisphotographwastakencloseup,
approximatelyoneinchdistance,with theMOSAD photogatecamera.

Figure 17Topsideassemblyof cameraboard

Figure 18Photographof cameratakenwith aMOSAD

Two interfacedaughterboardsweredevelopedfor thecamera,onesupportsRS644
protocolandtheothersupportsRS422.Theschematicsof thetwo boardsareshownin figures19
and20.Functionally,bothboardsarethesame.Thedifferenceis in power levels.Onboard
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power is 3.3 volts for the RS644 board and 5 volts for the RS422. The camera drive references

are generated on the interface cards using a 2.5 volt regulated source for +Vdrive and ground for

-Vdrive. Either board attaches to the camera with three 8 pin socket connectors aligned to the

camera headers. Connector pin friction is sufficient to hold the boards together and mounting

holes for screws and standoffs are provides for permanent mount. Figures 21 and 22 are the top

side layouts of the boards. Components mount on the top side as well as the 4 pin power header

and the 40 pin data output header. The three 8 pin sockets mount on the backside for camera

attachment.

J5

C1

oo • oo oo

((rn,innTi 

Figure 21 RS644 board layout

Figure 22 RS422 board layout
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Digital Decimation Filter for Conventional Image Display

A two level filter approach was developed as the method for decimating the oversample

one hit data generated by the camera and converting to Nyquist rate PCM data. This is shown in

the following diagram. The first step in decimation reduces the sample rate from the staring value

to four times Nyquist. A standard Sinc type filter is used in this step. The second step reduces the

sample rate to Nyquist. A specially designed FIR filter is used in this step.

4*N oversample in
Sinc filter decimator

from 4*N to 4 x

FIR filter decimator

from 4x to 1 Nyquist out

FIR coefficients for final 4 to 1 decimation filter were developed from previous designs. The

original filter approach used 28 integer coefficient filter as the baseline approach. Filters studied

as alternatives use 20, 18 and 16 integer coefficients. A 16 coefficient filter is selected as

adequate.
Several first level decimation filter options were studied for a variable decimation factor.

An oversample value of 4*N constraint is used where the variable decimation, N, takes place at

the first level filter. The following derivations illustrate the coefficient generation process for

SINC z, SINC 3, and a modified SINC 3 filter.

S1NC 2 filter option for 1 loop sigma delta

coefficients, 2N-l, sum of coefficients, N 2

example derivation for N=4
1111

llll

1111

1111

1234321, 7 coefficients (2N-l), weight 16 (N 2)

SINC 3 filter option

coefficients, 4N-3,

for 1 loop and 2 loop sigma delta

sum of coefficients, 2N3-N 2

example derivation for N=4
1234321

1234321

1234321

1234321

1234321

1234321

123432

13 610131516151310 6 3 1, 13 coefficients (4N-3), weight 112, (2N3-N 2)

Modified SINC 3 filter used with present FIR filter

coefficients, 3N-2, sum of coefficients, N 3

example derivation for N=4

1234321
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1234321
1234321

1234321
13610121210631, 10coefficients(3N-2), weight 64, (N 3)

The following iterative routine calculates the modified sinc 3 coefficients for de decimation

gg = 0

For n = 0 To (de - 1) 'calculate first half and last half modified sinc3 coefficients

gg= gg+ 1 +n

sinc3cof(n) = gg

Next n

For n = de To (de2 - 3) 'calculate middle modified sine3 coefficients

gg = gg+ de3 - 2 * n- 2

sinc3cof(n) = gg

Next n

Oversample requirements for 1 loop Delta Sigma are,

R(dB) = 6.02(N + 1.5D) - 3.41,

with dynamic range specified in dB for a N bit quantization and oversample of 2 D above Nyquist.

One loop (nominal prediction, can achieve at least 2 to 3 bits better performance)

Analysis of a 320x240 FPA with a 1 loop, 1 bit delta sigma at each pixel operating at 28

times over sample.

Predicted dynamic range, 7.67 bits, expected performance, 10.6 bits.

Decimation filter through put requirement:

Modified sinc 3 decimation requirement, 28 / 4 = 7

coefficient count (3N-2), for N=7, 19 coefficients

Additions per pixel per frame 4"(3N-2) = 4"19 = 76

Total modified sinc 3 additions per frame, 4"(3N-2)'320"240 = 5,836,800

16 coefficient FIR pipeline addition(latentmultiply)requirementsbased onintegercoefficients

decimal binary

-13 -000001101

-34 -000100010

-48 -000110000

-24 -000011000

65 001000001

215 011010111

378 101111010

485 111100101

Totalnumberofones used _rg_ed add orsubtract _ralll6 coefficientsis58

FIR gated add/subtracts per frame 58*320*240 = 4,454,400

Total of all filter adds per frame 4,454,400 + 5,836,800 = 10,291,200

The filter algorithm was implemented in hardware with the Alacron FastFrame frame

grabber board. Figure 23 is the functional diagram of the board showing its relationship to the
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hostprocessorPCI buss.Thereis a provisionfor twoTrimediaprocessingunitson theboard.For
this applicationonly oneprocessorwasneededasshownin thediagram.Digital datafor up to 32
pinsis allowed,16pinswereusedto connectthecamera.Theboardis supportedwith Windows
2000(Rev2)basedsoftwarethat allowscapturedimagesto bedisplayedin realtime.

Digital Input _IP
FPGA

Digital Output ]Analog Output

All

PCI Bridge

Internal PCl Buss

Host System PCI Buss J

Figure 23 Alacron FastFrame Frame Grabber PCI board

DEVELOPMENT RESULTS

Second Iteration Device Fabrication

The development required three device process iteration to get to the present state. In the

first iteration no demonstratable parts were achieved. A problem with internal voltage drops

prevented outputs from being reliably read. In the second iteration two sets of masks were

generated. The first set was discarded after a circuit error was uncovered during simulation

checks. Wafers received from this second iteration were tested and it was found that only half of

the array was working. Characterization at the wafer level tracked the problem to a metal mask

error. The error is shown in figure 24 where there is a break in clock line CAB. The break is at

the second half of the row scan logic. This prevents the second half of the array scan. The array is

scanned in two parts. First the odd rows are scanned and read and then second the even rows are

scanned and read. With the metal break only the odd rows could be scanned and readout in a

normal operation. In characterizing the devices, it was found that the working pixels were limited

to an operation range well below full dynamic range. Analysis indicated this was due to

interference from the non-working pixels. Without a subtraction operation to remove charge, the

non working pixeis overflow into the adjacent working pixel through the read well.
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Thedesignof thereadcolumnusesa floatingsensenodeto detectaresponsefromthe
selectedpixel. All of thepixels,evenandodd,on thecolumnarecapacitivelycoupledto the
node.In normaloperation,only theselectedpixel will dumpchargeontothenodeandbe
detected.With thebrokenCAB line,thenon-workingpixelsaccumulatedphotochargebuthave
nowayof beingclearedof charge.Thisexcesschargecanleakinto thereadcapacitoraffecting
nodeandbeingsensedasa falsesignal.If theimageintensityis low, this leakagewill be low and
thesenseampcanbebiasedto ignoreit andseeonly avalid signal.Forthephotogateit was
foundthattheaverageimageintensitycouldnot exceed15%of full scale.Forthephotodiodeit
wasfoundto beabout10%of full scale.With theseknownlimitationsfrom themetalerror,a
testcamerawasbuilt to checkimagequality from theworkingpixels.

. :) ....

Figure 24 Composite layout showing CAB metal break

Selected die were packaged and mounted on a PC board with support electronics

including power conditioning, timing and interface drivers. The assembly was housed in a plastic

box with optics and external power supplies. Power included a small 9 volt battery for the

camera electronics and a rectified transformer isolated 110 to 9 volt reduced source for the output

drivers. The output drivers were connected to a frame grabber board with a ribbon cable. A C-

mount type optics assembly was used to mount the optics. An old 35 millimeter camera made by

AKA Rette was used as the source of the optics. These optics provides a selectable fnumber

from 3.5 to 16 and a variable focal length that allowed focusing from 1 meter to infinity.

Limitations of the frame grabber board allowed a maximum of only 2 megabytes of video data to

be read continuously. This limited the oversample frame count to 432 frames of data for one

sequence. The decimation factor was set at 28 to 1 which produced 10 usable PCM frames. To

account for the missing pixels in creating an image, the analysis software was rewritten to insert

the missing pixels. Each inserted pixel was calculated based on the average of the two pixels

above and below the missing pixel. The range accuracy limit of the recordable data was set from

8 bits to12 bits. This data was mapped into an 8 bit BMP file format with a variable setting of a

universal offset window and gain setting.

Figure 25 is a flat field image taken with the photo gate. This is an 11 bit dynamic range

mapped onto the 8 bit BMP format. The image was taken through the circular lense mount with

the lens removed. Xerox paper covered the hole to reduce the light intensity and provide some
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nominaluniformity in the field of view.Therecordedamplitudewasapproximately10%of full
dynamicrange.Exceptfor thesmudgeon therightedge,theuniformity wasmeasuredat an
accuracyof betterthan0.1%.Thesmudgeis residualphotoresistfrom thedicingoperation.In
normalcleaningof thewaferthiswasnotapparentvisually.Thereis alsoa measurablesmooth
variation,not visible,dueto theCOS4off axisphotonflux variation.

Figure 25Flat field imagewith photodiodearray

Figure 26 Images taken with photo gate camera

Images of people were taken under various lighting condition to validate the image

quality. These are shown in figure 26. As with the flat field image, these images were in the

range of approximately 10% of full scale. The issue of dynamic range limitation due to the non-
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functionalpixel inducednoisewasthelimiting factor.Thesepicturesweretakenwith thephoto
gatewherethesenseamplifier couldbeadjustedto sensesmallamplitudeinputs.Similar
measurementsweremadewith thephotodiode,however,it wasmuchmoresensitiveandthe
senseamplifiershadlessmarginfor adjustment.Thispreventedadequateanalysisandnoise
measurementsto bemade.

Final Iteration Camera functional tests

A third and final iteration of the design was submitted to fabrication. The updates include

fixing the CAB error and increasing the buss sizes on the chip. Also, additional power and

ground pads were added to reduce voltage variations across the chip and improve noise

performance. This design was fully functional and cameras were built with both the photo gate

and the photo diode designs. With fully functional cameras, adequate noise analysis could be

performed. It was found that the column compare sense amplifiers had high current switching

spikes. There are 640 column sense amplifiers. Only the amplifiers detecting a pixel response

will switch. Statistically, more amplifiers will switch as the signal intensity increased, thus

causing higher reference noise from the combined current spikes. A new column compare sense

amplifier was developed that will substantially reduce the switching current. This new design

was not implemented in the final iteration.
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Figure 27 Background circuit noise performance exceeds 13 bits

In analyzing the noise performance of the cameras, it was found that the gate cameras had

substantially less noise than the diode cameras. Figure 27 is the noise plot of one pixel from a

gate camera. The measured noise over eleven frames is 7.5X10 _ normalized to a full scale of
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one.This is anequivalentnoiseperformanceof 13.7bits. Sincethis is adeltasigmaoperatingat
28oversample,quantizationerrorwill varyandin generalbemuchhigherasshownin figure3.
However,atthis specificamplitude,(1- 0.83333),16.66%of full scale,quantizationerrorwas
smallenoughto observeaccumulativebackgroundcircuit noiseandphotonshotnoise.There
appearsto beno impactfrom thecolumncomparesenseamplifier switching.

Figure28 is anoiseplotof thephotodiodecameraat approximatelythesamesignal
strengthasthatmeasuredin thephotogatecamera.Heretheamplitudeis, (1 - 0.8399),16.11%
of full scale.Noiseis 8.1X10-3over100time higherthanthephotogate.Therewouldbesome
variationfrom thedeltasigmabecauseof theslight differencein amplitudebut not this
magnitude.In looking attheplot therearetwo significantpeaksthatraisetheaveragenoise.This
is typicalfor deltasigmaifa bit ispickedupordroppedin thedigital datasequence.
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Figure 28 Noise impact of current spikes on the photo diode

To best illustrate the performance of the camera, a series of pictures were taken with both

a photo gate camera and a photo diode camera. The cameras were operated at a clock rate of 2

MHz and decimated 28 to 1. This produces an effective frame rate of 14.4 fps and a signal

bandwidth of 7.2 Hz. The data was decimated using the software filter developed for noise

analysis. This set up uses the Itex frame grabber board to grab 2 megabytes of focal plane data

and transfer the block to memory as a TIFF file. The TIFF raw data file is then converted to a

sequence of BMP file frames. There are 11 frames generated, one of which is selected prior to

run time for storage and display. This method was selected for picture generation over the

Alacron realtime frame grabber and decimator because of the need to do noise analysis during the

characterization. Though only the resultant pictures are illustrated in the report, noise analysis as

typified by the above plots was run on all of the tests. This analysis was necessary to ultimately
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pin point andresolvetheissueof thecolumncomparesenseamplifier currentspikeproblem.The
following figuresarepicturewith legendsdescribingthecameratypeandscene.

Figure 29Photogatelookingoutside

Figure 30Photogatewith supersaturatedarea
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Figure 31Photogate500WattHalogenlamp

Figure 32Photodiodewith partialoutsideview

Figure 33Photodiodelabview
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Figure 34 Photo diode lunch room and person view

These pictures were taken with different cameras during the characterization study. The

camera bias voltages, Vopamp and Vbarrier, were varied to provide differing noise rejection and

gain. Surprising, though the photo diode was known to have more noise susceptibility, picture

quality was similar to the photo gate. These pictures were all resolved to 8 bits dynamic range.

There are visible effects of noise impact of the column compare sense amplifiers in both the gate

camera and the diode camera. By adjusting Vopamp, noise susceptibility variations from sense

amplifier to sense amplifier could be seen.

Sense Amplifier Design Resolution of the Current Spike

Designing the column compare sense amplifier has been the most significant issue in the

development of the camera. The direct readout, DRO, approach used at the pixel is a non-

amplifier buffered approach. It reduces signal amplitude with array size. The original sense

amplifiers have been used successfully with buffered MOSAD with no effect. The buffered

design have noise margins on the order of 1 volt. These new non-buffered MOSAD designs,

DRO, used in this visible light camera were designed with a noise margin of 5 millivolts. If the

floating column is erroneously driven negative by this 5 millivolt noise margin the pixel would

have been considered to have responded. Evidence from measurements indicated that as more

columns validly responded during a row read, non responding columns would be induced into

responding. This causes a false subtraction response that destroys the fidelity of the Delta Sigma

sequence and erroneously dumps charge.

There is a combination of design issues that had to be resolved to fix this problem that

included layout, filtering and transient reduction. The DRO uses a floating column to

capacitively couple the pixel into the sense amplifier. The column is referenced to +5 volt by the

sense amplifier. Any sufficiently negative transition of the floating column is sense as a response.

In the final iteration layout, the precharge P transistor for the column shares a common N well

with the sense amplifier switching logic. If there is sufficient dip in the sense amplifier +5 volts

during switching, it could couple through the well to the column, driving it more negative. This

could be sensed as a signal. Internal power busses have about one ohm of resistance. A current

transient of 800 microamps per amplifier could cause up to 0.5 volt power dip (640 sense

amplifiers). To isolate this transient, a revision to the next generation design now separates the
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columnprechargewell from thesenseamplifierwell.
Themagnitudeandtiming of thetransientcurrentspikeis themostcritical aspectof the

senseamplifierdesign.Figure35 is asimulationof theswitchingresponsefor oneamplifierof
thefinal iterationdesignthatwasbuilt. The+5volt currenttransientis shownin thebottomplot.
At apoint in time aheadof wherethecolumnis sensed,thecurrentspikeis shownto exceed1.6
milliamps.Collectivelythis couldreach1ampfor thearray.Timing is suchthattheamplifiercan
respondto thenoisebeforethesense.Theonly othersignificantcurrentspikeoccursat
precharge.This is only 150microampsanddoesnotoccurwhile sensing.In combinationwith
theconnectedwell issueandthefinite powerbussresistancethe 1.6milliamp currentspikewill
causeerrorsasseenwith thephotodiodecamera.

g
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Figure 35 simulation of final iteration sense amplifier showing high

current transient during the sense time

-- l(V++)

To correct this current transient problem, a new sample and hold sense amplifier was

designed. The schematic of figure 7 shows this new design. The difference from the earlier

design is both in timing and in current switching magnitude. In the new design, the sample and

hold samples the output of the three stage amplifier into a capacitor. This holds the sense value at

its current state. Any voltage errors on the floating column induced by the switching transient

will not have time to ripple through the three stage amplifier before sampling is completed. The

now sampled correct value is then used to determine the pixel state. Figure 36 is a simulation of

the new design. In this simulation it can be seen that the current transient has been reduced

substantially to less than 250 microamps. The peek current if all sense amplifiers were switching

will be less than 160 milliamps. Worst case power rail fluctuation will now be under 160

millivolts and will occur in a period of time that will not harm the pixel readout.
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* Circuit Extracted by Tanner Research's L-Edit V6.05 / Extract V3.01 ;

TDB File d:Vkmaindat\Layouts\dromosd3fix4, Cell CellO, Extract Definition File D:_Amaindat\Layouts\Foresccd ext ;
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Figure 36 New sense amplifier design developed after final iteration fab

SUMMARY AND CONCLUSION

The MOSAD architecture developed in this program for monolithic visible light imaging

represents a radical departure from present methods. The method of sensing and reading data

from the pixel is totally different from present CCD, C1D and CMOS imagers. This approach

puts the equivalent of a delta sigma A/D converter at each pixel. The oversampling process used

in Delta Sigma A/D conversion has the potential to provide better noise performance, improved

linearity and high well capacity for high intensity imaging. It also offers the potential for

radiation hard designs.

This development program culminated in the design, fabrication and demonstration of

two camera approached based on the MOSAD technology. These included a photo diode sensor

and a photo gate sensor. The detector area used charge well switching to implement the delta

sigma A/D at the pixel. There were no pixel buffer amplifiers required, allowing a fill factor of

73% to be achieved, front side illuminated, in a pixel size where the maximum process limited

fill factor was 87%. The two cameras were built with an array size of 320X240 with a pixel pitch

of 16 micron. This fits the 1/3 inch array size used in CCTV cameras, allowing the use of low

cost commercial optics. The process used to fabricate the parts is Supertex 1.2p. CCD/CMOS

technology. The sensor array used surface N channel photo detectors in a P CCD well. Though

the surface channel devices used are inherently noisier than buried channel devices, a noise floor

for the MOSAD photo gate design was measured at 13.7 bits. Power consumption for the

cameras with an oversample rate of 28 above Nyquist and a 15 frame per second sample rate was

measured at 10 milliwatts. Uniformity was measured at below the noise floor of the one loop

Delta Sigma quantization error. At approximately 10% of full scale this was within 11 bits.

Though working cameras were built that exhibited outstanding performance and imagery, a
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design flaw was uncovered in the internal sense amplifiers. A new design was developed but not

implemented at program conclusion. This new design will improve noise performance, yield and

power consumption over that already demonstrated.

Based on known accomplishments reported in the industry, the MOSAD approach is

superior to CMOS visible cameras in overall image quality and power consumption. The CMOS

benefits of random access and windowing can be available through MOSAD. MOSAD

oversampling technique eliminated the temporal skew of progressive scanning without loss of

sensitivity. CMOS, to eliminated temporal skew must snap shot, decreasing dwell time and

sensitivity. Delta Sigma oversampling also allows large well capacity without noise penalty

providing better noise performance for viewing bright objects. Oversampling with conventional

readout for expanded well capacity increases noise with no net gain. MOSAD competes

successfully with CCD in image quality but is much lower cost and lower power. There is no

transfer efficiency loss in a radiation environment. Though a small 320X240, 16!a pixel array was

demonstrated with 1.2p. processing, the approach introduces no fundamental limit to array size. A

16 million pixel array with 5_t pixel pitch is readily achievable with modern submicron

processing. Delta Sigma has been shown by the industry to be capable of achieving noise floors
below the limits of the circuits used. This is also inherently true for the MOSAD method of Delta

Sigma A/D. This development program has shown that the MOSAD approach offers NASA the

potential for a new direction in imagery providing better and more robust sensors.
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